C-reactive protein (CRP) is a normal constituent of human sera synthesized by hepatocytes and induced by proinflammatory cytokines. The function of this acute-phase reactant includes activation of complement and enhancement of opsonophagocytosis. CRP binds to phosphorylcholine (ChoP), a constituent of eukaryotic membranes that is also found on the cell surface of major bacterial pathogens of the human respiratory tract, including Streptococcus pneumoniae and Haemophilus influenzae. The presence of CRP on mucosal surfaces and role in innate immunity in the human respiratory tract where ChoP-containing organisms reside have not been previously studied. We have shown using a monoclonal antibody to CRP that CRP is present in inflamed (0.17 to 42 g/ml) and uninflamed (<0.05 to 0.88 g/ml) secretions from the human respiratory tract in sufficient quantities for an antimicrobial effect. In addition, the CRP gene was expressed in epithelial cells of the human respiratory tract using in situ hybridization on nasal polyps and reverse transcriptase PCR of pharyngeal cells in culture. The complement-dependent bactericidal activity of normal nasal airway surface fluid and sputum against ChoP-expressing H. influenzae was abolished when the secretions were pretreated to remove CRP. In summary, the results indicate that CRP is present in secretions of the human respiratory tract, that human respiratory epithelial cells are capable of CRP expression, and that this protein may contribute to bacterial clearance in the human respiratory tract.
C-reactive protein (CRP) is a constituent of normal human serum (NHS) (33) . The concentration of CRP in serum is generally less than 2 g/ml but increases by as much as 1,000-fold in response to a stimulus such as tissue injury or inflammation (5) . Following removal of the inflammatory stimulus, CRP levels decline rapidly. These features have made CRP useful as a clinical marker of an inflammatory process, although the function of this acute-phase reactant and its precise role in host defense remain poorly understood. Until recently there had been no demonstration of a direct antimicrobial effect of CRP in vitro, and the study of CRP using animal models has been limited by the marked differences in the regulation of CRP expression in animals compared to humans (27, 46) . There is, however, evidence to suggest that CRP contributes to innate immunity. Mice, which have a constitutively low level of CRP expression, are more resistant to experimental pneumococcal sepsis when carrying the human CRP transgene conferring inducible high-level expression as in humans (34) . The protective effect of CRP is thought to be mediated by its ability to act as an opsonin and, when bound, to activate the complement by the classical pathway through interaction with complement component C1q (16, 37) . The CRP transgene reduces bacteremia following an intraperitoneal inoculation of pneumococci in both decomplemented and complement-expressing mice, suggesting that there is also a complement-independent pathway for CRP-mediated protection, perhaps through direct opsonization (35) .
CRP received its name because it binds to the C polysaccharide or cell wall teichoic acid of Streptococcus pneumoniae.
It is now known that CRP binds in a calcium-dependent manner to choline phosphate or phosphorylcholine (ChoP) residues found on C polysaccharide (38) . ChoP had been considered to be a highly unusual structural feature in prokaryotes. It is now clear that in addition to S. pneumoniae, many of the bacterial species that normally inhabit the respiratory tract express ChoP, the molecular target of CRP, on their cell surface. These species are now known to include Streptococcus oralis and S. mitis, Haemophilus influenzae and H. somnus, Actinobacillus actinomycetemcomitans, Fusobacterium nucleatum, various Actinomyces species, the commensal Neisseria species, and Mycoplasma species such as M. fermentans (8, 14, 24, 29, 30, 41, 45) . The presence of ChoP on a large and diverse collection of species found primarily on the mucosal surface of the airway including gram-positive and gram-negative bacteria, as well as Mollicutes, and its absence from species residing outside the respiratory tract, suggests that this structure contributes to survival in this host environment. Data from both animal models of nasopharyngeal carriage and natural lower respiratory tract infection of humans suggest that ChoP, while not a requirement for survival within the respiratory tract, contributes to the ability of bacteria to persist at these sites (44, 45) . The expression of ChoP has been shown to confer resistance to antimicrobial peptides found on the mucosal surface of the upper respiratory tract, such as LL-37, that target structural differences in membranes between host and microbial cells (21) . In this regard, the expression of ChoP may allow bacteria to mimic the same structure found on all eukaryotic membrane lipids in the form of phosphatidylcholine. ChoP also allows for bacterial invasion of epithelial cells through interaction with the receptor for platelet-activating factor (rPAF), whose natural ligand, PAF, also contains ChoP (8, 32) . CRP, therefore, may contribute to innate immunity by specifically targeting this virulence determinant common to many of the bacterial pathogens of the respiratory tract. A direct antimicrobial effect of CRP, however, has been demonstrated only in the case of H. influenzae, where concentrations of the protein as low as 10 ng/ml bind to ChoP and mediate a complement-dependent bactericidal effect (44) . Another striking feature of the ChoP ligand is that there is phase variation in the amount or presence on the bacterial cell surface in many of the species expressing this moiety (17, 40, 42, 45) . For H. influenzae, only those phase variants expressing ChoP on their lipopolysaccharide are sensitive to the bactericidal effects of human serum CRP (44) . This suggests that these pathogens have developed an efficient means for evasion of clearance mechanisms such as that involving CRP that specifically targets ChoP. The interplay between the expression of ChoP and local amounts of CRP, therefore, may function to maintain the commensal state and limit the pathogenicity of many important respiratory tract bacteria.
Human serum CRP is a cyclic pentameric protein of five identical nonglycosylated subunits of 206 amino acids, each with a molecular mass of 24 kDa, that are noncovalently bound to form the mature CRP molecule (13) . Serum CRP is synthesized by hepatocytes in the liver as a single-chain precursor with a cleavable signal sequence at the N terminus (36) . CRP was initially thought to be produced and secreted only by hepatocytes under induction primarily by interleukin-6 (IL-6), with a synergistic effect of IL-1 (39, 48) . Tumor necrosis factor alpha, transforming growth factor ␤, and IL-11 have also been shown to affect hepatic CRP expression (3, 4, 10, 15, 23) . There is also evidence of CRP expression by Kupffer cells and peripheral blood mononuclear cells, where it was shown to be a membrane protein that is not secreted (12, 19) . Although the source and regulation of serum CRP have been extensively studied, the expression of CRP in the human respiratory tract, particularly the heavily colonized upper respiratory tract where organisms bearing its ChoP target reside, has not been addressed. In this report, we show that CRP is found in secretions from the human airway and that epithelial cells lining the mucosal surface of the upper respiratory tract may be a source of this protein. Furthermore, we demonstrate that CRP isolated from the mucosal surface of the airway has antimicrobial activity.
MATERIALS AND METHODS
Preparation of specimens from the human respiratory tract. Sputum specimens were obtained from adults with pneumonia or bronchitis diagnosed according to previously described criteria (25) . Nasal airway surface fluid (ASF) was collected from healthy nonsmoking volunteers without dilution or chemical stimulation. Sputum and ASF were solubilized by treatment in acetonitrile (final concentration, 60%) and trifluoroacetic acid (final concentration, 0.1%) for 16 h at 25°C as previously described (2) . After insoluble debris was removed by centrifugation at 1,500 ϫ g for 10 min, the solution was lyophilized. The extracted material was resuspended using sonication in deionized water to the original volume; 1.0 M Tris-HCl (pH 7.5) was added until the solution was no longer acidic. Samples were stored at Ϫ20°C.
Cell culture. Detroit 562 cells (CCL 138; American Type Tissue Collection, Manassas, Va.), a human pharyngeal carcinoma cell line, were grown in minimal essential Medium (Gibco BRL, Gaithersburg, Md.) with L-glutamine supplemented with sodium pyruvate (1 mM) and 10% fetal bovine serum (HyClone, VWR Scientific, Philadelphia, Pa.) along with penicillin (10 g/ml) and streptomycin (10 g/ml) (Gibco BRL) to confluence and then harvested using trypsin (0.25%, final concentration) and EDTA (0.02%, final concentration) (Gibco BRL). Cells were frozen in fetal bovine serum (HyClone, VWR Scientific) with dimethyl sulfoxide (final concentration, 10%), placed overnight at Ϫ70°C in a 1°C freezer container, and then stored in liquid nitrogen.
Treatment to remove CRP. Solubilized sputum and ASF or tissue culture supernatant were treated with an equal volume of immobilized p-aminophenyl phosphorylcholine-agarose beads (Pierce Chemical Co., Rockford, Ill.) that had been washed in a buffer containing calcium (0.1 M Tris, 0.1 M NaCl, and 1 mM CaCl 2 [pH 8.2]) as previously described (44) . After incubation with the beads for 1 h at 4°C, the supernatant was removed for analysis.
Western analysis. Samples for Western analysis were treated at 100°C for 5 min in gel loading buffer (10% glycerol, 2% sodium dodecyl sulfate [SDS], 50 mM Tris-Cl [pH 6.8], 100 mM ␤-mercaptoethanol, bromophenol blue). Proteins in solubilized sputum and ASF or tissue culture supernatant from confluent monolayers were separated by polyacrylamide gel electrophoresis (PAGE) on an SDS-12.5% polyacrylamide gel, transferred to Immobilon-P membranes (Millipore, Bedford, Mass.), immunoblotted with a monoclonal antibody (MAb) to human CRP, CRP-8 murine immunoglobulin G1 (IgG1; Sigma Chemical Co., St. Louis, Mo.) at a dilution of 1:10,000 or goat CRP antiserum (Sigma) at a dilution of 1:10,000, and detected with alkaline phosphatase conjugated to anti-mouse IgG (Sigma) at a dilution of 1:10,000 or anti goat IgG (Sigma) at a dilution of 1:10,000 as previously described (44) . The concentration of CRP in each specimen was determined by comparison to a standard curve consisting of purified human CRP (Sigma) of known concentration on the same blot by digitalization with an AlphaImager gel documentation system (Alpha Innotech Corporation, San Leandro, Calif.). A similar approach was used to quantify amounts of total IgG in solubilized sputum and ASF. In these experiments, a goat anti-human IgG-alkaline phosphatase conjugate (Sigma) was used, and reactivity was compared to a standard curve consisting of purified human IgG (Sigma) of known concentration. Total protein content of the solubilized material was determined by a micro-bicinchoninic acid assay as instructed by the manufacturer (Pierce).
Immunocytochemistry Detroit 562 cells grown to confluence were harvested, and 10 5 cells/ml were allowed to adhere to sterilized glass coverslips in 24-well cell cluster plates (Corning Costar, Cambridge, Mass.) by overnight incubation at 37°C. The coverslips were gently washed in sterile phosphate-buffered saline (PBS), and then the cells were fixed by treatment in 4% paraformaldehyde in PBS for 10 min at room temperature. After the coverslips were washed twice more with PBS, the cells were permeabilized in methanol for 2 min at room temperature. The coverslips were blocked with 1% bovine serum albumin (BSA) in PBS prior to incubation with CRP-8 (Sigma) or an IgG1 isotype control, HASP 4 (against 6Aϩ6B capsular polysaccharide of S. pneumoniae; Statens Seruminstitut, Copenhagen, Denmark) at a dilution of 1:1,000 in 1% BSA in PBS overnight at 37°C. After 10 washes with PBS, fluorescein isothiocyanate-labeled anti-mouse IgG conjugate (Sigma) at a dilution of 1:100 was added in 1% BSA for 30 min at 37°C. The coverslips were then washed 10 times in PBS, mounted on glass slides with Vectashield (Vector Laboratories, Burlingame, Calif.), and viewed with a fluorescence microscope.
RT-PCR. Poly(A) mRNA was isolated from 5 ϫ 10 6 to 1 ϫ 10 7 Detroit 562 pharyngeal carcinoma cells, using an Oligotex kit (Qiagen, Valencia, Calif.). RNA was resuspended in diethyl pyrocarbonate (Sigma)-treated water and stored at Ϫ70°C. The reverse transcriptase (RT) reaction mixture consisted of 10 l of poly(A) mRNA (approximately 1 g) added to 30 pg of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) reverse primer (sequence listed below) and 30 pg of CRP reverse primer (sequence listed below). The templates were then added to 5 l of 5ϫ Moloney murine leukemia virus buffer (Promega, Madison, Wis.), 1.25 l of 10 mM deoxynucleoside triphosphates (Promega), 25 U of RNasin RNase inhibitor (Promega), 200 U of Moloney murine leukemia virus RT (Promega), diethyl pyrocarbonate-treated and H 2 O to a total volume of 25 l. The reaction mixture was kept at room temperature for 20 min, at 37°C for 60 min, and at 75°C for 15 min and then placed on ice. For PCR, the RT template was added to PCR buffer (Promega), deoxynucleoside triphosphates (Promega), and Taq polymerase (Promega), plus either 10 pg of CRP forward and reverse primers or 30 pg of GAPDH forward and reverse primers. PCR conditions included an initial denaturation for 3 min at 94°C, followed by 40 cycles of denaturation for 1 min at 94°C, primer annealing for 1 min at 55°C, and elongation for 1 min at 72°C. Poly(A) mRNA as the PCR template was used as the negative control; cDNA obtained from human liver mRNA served as the positive control. The primers were designed based on the human sequence listed in GenBank (accession no. M11725). The sequences of the primers were as follows: CRP forward, 5Ј-TTTTCTCGTATGCCACCAAG-3Ј; CRP reverse, 5Ј-TTTCC AATGTCTCCCACCAG-; GAPDH forward, 5Ј-AAGGTCGGAGTCAACGG ATTTGG; and GAPDH reverse, 5Ј-GAGATGATGACCCTTTTGGCTCCC-3Ј.
Preparation of riboprobe. The riboprobes were made using primers for amplification based on the full human CRP gene (forward, 5Ј-CGAGGAAGGCT TTTGTGTTT-3Ј; reverse, 5Ј-GGGGTTTGGTGAACACTTCG-3Ј ). The PCR product was made using the CRP primers and 0.5 g of human chromosomal DNA as a template as described above except that the initial denaturation was at 94°C for 4 min, followed by denaturation at 94°C for 10 s, annealing at 50°C for 10 s, and elongation at 74°C for 2 min, for a total of 30 cycles. The PCR product was cloned in both orientations into the pCR2.1 vector (InVitrogen Corp., San Diego, Calif.). The plasmid was linearized by digestion with HindIII and transcribed using T7 RNA polymerase (MBI Fermentas, Amherst, N.Y.) in the presence of [ 35 S]UTP (NEN Life Sciences Products, Boston, Mass.) to create sense and antisense riboprobes for in situ hybridization.
In situ hybridization. In situ hybridization was performed as previously described (21) on paraformaldehyde-fixed human nasal polyp and explanted liver tissue sections (7 m) obtained from the pathology department at the Children's Hospital of Philadelphia. The hybridization was performed at 50°C overnight in hybridization buffer containing 50% formamide, 25% dextran sulfate, 0.3 M NaCl, 10 mM NaH 2 PO 4 , 5 mM EDTA, 0.2% Ficoll 400, 0.2% polyvinylpyrrolidone, 1 M dithiothreitol, 10 mM Tris-HCl (pH 7.6), 5 mg of polyadenylic acid, 250 M S-thio-ATP, yeast tRNA (50 g/ml), and [
35 S]UTP-labeled sense or antisense riboprobe (0.15 ng/l). Following hybridization, the slides were washed and dried as previously described prior to development in NTB-2 photoemulsion (Kodak Co., Rochester, N.Y.) (21) . The slides were counterstained with a solution of Hoechst 33258 (2 g/ml; Sigma) for visualization of cell nuclei, mounted, and analyzed by dark-field microscopy and UV fluorescence.
Bactericidal assay. Bactericidal assays were performed on ChoP-expressing (H418) and nonexpressing (H419) phase variants of the same nontypeable H. influenzae clinical isolate. Assays used 10% pooled NHS obtained from 10 donors as a source of complement as previously described (43) . Prior to use in bactericidal assays, this serum was treated with ChoP-coupled agarose beads to remove CRP. The removal of CRP from serum used as a complement source was confirmed by lack of reactivity with a MAb against human CRP in Western analysis. Assays were performed with a suspension of organisms grown to midlog phase (optical density at 620 nm of 0.3 to 0.4) in brain heart infusion medium supplemented with 2% Fildes enrichment (sBHI; Difco Laboratories, Detroit, Mich.) and NAD (2 g/ml) diluted to 10 5 CFU/ml in 20 l with 60 l of Hanks balanced salt solution (GIBCO Laboratories, Grand Island, N.Y.), 100 l of PBS, and 20 l of pooled NHS depleted of CRP. After incubation for 60 min at 37°C with rotation, the assay was stopped by cooling to 4°C and dilutions were made for quantitative culture. To calculate the percentage survival, colony counts in serial dilutions were determined by plating on sBHI solidified with 1% agar and compared to controls in which complement activity was inactivated by prior heating for 30 min at 56°C. Where indicated, the volume of PBS was reduced by 25 l, and purified human CRP of known concentration in PBS, the same amount of purified human CRP treated with ChoP-coupled agarose beads in PBS, solubilized sputum, or solubilized ASF was substituted. The concentration of CRP in solubilized sputum and ASF was calculated as described above for Western analysis.
RESULTS
Presence and quantity of CRP in human ASF. To determine if secretions derived from the human respiratory tract contain CRP, nasal ASF samples from healthy adult volunteers and sputum from patients with acute or chronic bronchitis or pneumonia were examined by Western analysis. Respiratory tract secretions were solubilized, and the proteins were separated by SDS-PAGE. Immunoblotting with a MAb against human CRP, CRP-8, showed a reactive band of the predicted size for denatured CRP (24 kDa) whose migration was indistinguishable from that of CRP purified from human serum (Fig. 1A) . Similar results were observed with a polyclonal antibody to human CRP (data not shown). The 24-kDa band recognized by CRP-8 was seen in ASF specimens from four of five volunteers and in sputum samples from 12 of 12 patients (limit of detection, 50 ng/ml). In some samples, less prominent slower-migrating bands were also detected with CRP-8. This triplet pattern of reactive bands was a consistent finding in both ASF and sputum but not in CRP purified from serum. To confirm that these bands represented CRP, ASF and sputum specimens were treated with ChoP-agarose beads, which bind CRP in the presence of calcium (Fig. 1B) . Complete loss of reactivity with CRP-8 on Western analysis following treatment with these beads provided functional evidence that the immunoreactive bands were CRP. After treatment with the ChoP-agarose beads in the presence of the same concentration of EDTA rather than calcium, no loss of CRP-8 reactive bands was observed (data not shown). The concentration of CRP was estimated by Western analysis and comparison with a standard curve generated with known quantities of purified serum CRP ( Table 1 ). The concentration of CRP ranged from Ͻ0.05 to 0.88 g per ml of ASF (n ϭ 5) and was generally higher in inflammatory specimens (0.17 to 42.0 g per ml of sputum). These amounts were also compared to the total protein concentration of the sample. After adjustment for the total protein, there were still Ͼ5-fold and 40-fold ranges of CRP concentrations in ASF and sputum, respectively, suggesting that amount of CRP was highly variable and not a simple function of sample viscosity.
Local expression of CRP in the human respiratory tract. Potential sources for the CRP found on the mucosal surface of the respiratory tract include serum extravasation and local production from resident leukocytes or other components of the airway such as the epithelial cells. The possibility that the CRP detected in respiratory secretions resulted from extravasation from serum was addressed by comparison of the ratio of CRP to IgG, a protein of similar size found on the mucosal surface of the human respiratory tract that originates predominantly from the pool in the serum. The quantity of IgG in ASF and sputum was determined by Western analysis in comparison to purified IgG of known concentration by the same technique and using the same samples as described for measuring quantities of CRP ( Table 2 ). The concentrations of IgG ranged from 0.26 to 0.63 g per ml of ASF and from 0.36 to 6.36 g per ml of sputum. Compared to the full range of values of serum CRP from uninflamed normal to severe acute-phase response and IgG, the ratio of CRP to IgG in both ASF and sputum compared with the ratio of CRP to IgG in the serum was 75-to 75,000-fold higher. These results suggested that the CRP detected in the respiratory tract could not be attributable to serum extravasation alone unless there is selective transport of CRP.
Since it has already been established that human mononuclear leukocytes may produce CRP, we determined whether uninflamed tissue derived from the human respiratory tract expresses this protein. Transcription of the gene for CRP was assessed in excised uninflamed, human nasal polyps by in situ hybridization (Fig. 2) . Human liver tissue served as a positive control. Hybridization was seen with the antisense but not the sense riboprobe in epithelial cells lining the nasopharyngeal tissue. This result suggested that epithelial cells lining the upper respiratory tract of humans express the gene for CRP and therefore could be a source of CRP within the airway.
Expression of CRP by respiratory epithelial cells. To confirm that transcription of the gene for CRP detected in nasopharyngeal tissue by in situ hybridization correlated with ex- pression of CRP, we examined epithelial cells derived from the human respiratory tract in culture. Immunofluorescence studies were not performed on nasal polyp tissue because of the possibility that reactivity could be due to serum contamination. Immunofluorescence studies on Detroit 562 pharyngeal carcinoma cells using CRP-8 showed diffuse staining which was not observed in controls lacking the anti-CRP antibody (Fig. 3) . This reactivity could not be attributed to the presence of fetal calf serum used in cell culture, since Western analysis showed no specific binding to culture medium in the absence of cells (Fig. 4A, lane 3) . However, in the presence of Detroit 562 pharyngeal carcinoma cells, Western analysis of tissue culture supernatant revealed a prominent band comigrating with purified serum CRP (Fig. 4A, lane 2) . Additional, fainter reactivity was also seen in slower-migrating bands that resembled those observed in ASF and sputum specimens. Treatment of the cell culture medium from the Detroit 562 pharyngeal carcinoma cells with ChoP-agarose beads resulted in a complete loss of the CRP-8 reactive bands (Fig. 4B) . Additional evidence that the Detroit 562 pharyngeal carcinoma cells were synthesizing CRP was obtained in RT-PCR experiments (Fig.  5) . mRNA was isolated from these cells and from human liver tissue (positive control) to generate cDNA to assess transcription of the genes for CRP and GAPDH as a control for the quality of mRNA. The amplification of a single band of the predicted size in PCRs with the cDNA template and primers based on the sequence of human CRP demonstrated that the reactivity with CRP MAb seen in tissue culture supernatants correlated with transcription of the gene for CRP by these cells. RT-PCR of human liver showed a single band of the same size (data not shown). Negative controls included mRNA in the PCR with either CRP primers or GAPDH primers to demonstrate that there was no DNA contaminating the mRNA samples. It was concluded that epithelial cells derived from the human respiratory tract are capable of transcription of the CRP gene as well as expression of CRP and that these cells could be a source of the CRP detected in ASF and sputum.
Contribution of CRP in respiratory tract secretions to innate immunity. Since serum CRP has been shown to contribute to opsonic and bactericidal activity, we hypothesized that CRP present in ASF and sputum may have a similar function and thereby contribute to innate immunity of the human respiratory tract. In the presence of complement, human serum CRP is bactericidal against H. influenzae phase variants displaying cell surface ChoP but has no effect on phase variants of the same strain lacking ChoP (44) . The biological activity of CRP in ASF and sputum was assessed in bactericidal assays with human serum depleted of CRP as a source of complement (Fig. 6 ). Addition of ASF or sputum to bactericidal assays resulted in an increased killing of ChoP ϩ H. influenzae. 5) . PCR products using cDNA templates were visualized on ethidium bromide-stained agarose gels (lanes 1 and 4) . The lack of a PCR product when mRNA was used as a template confirmed that these bands were not due to DNA contamination (lanes 2 and 5). The size of PCR products was determined with a 100-bp ladder (lane 3).
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The increased killing associated with addition of ASF or sputum was eliminated by pretreatment of ASF or sputum with ChoP-agarose beads to remove CRP. Analysis of serum proteins bound to ChoP-agarose beads revealed that only a single band of the molecular weight corresponding to CRP was detected by silver staining, indicating that no other proteins were removed in significant amounts (data not shown). The complement activity remained intact with these treatments, as there was no effect on killing of the ChoP Ϫ phase variants (data not shown). There was less than 50% survival of bacteria over 60 min at 37°C with ASF or sputum added to give a final CRP concentration of 62.5 or 29.2 ng/ml, respectively. A similar level of killing was observed with 20 ng of purified serum CRP per ml. There was no effect of the solubilized ASF or sputum on bacterial viability in the absence of active complement. These results provided in vitro evidence that CRP in the human respiratory tract may contribute to clearance of organisms such as H. influenzae that reside in this environment and contain ChoP on their surface when complement is present.
DISCUSSION
The hypothesis that CRP, well recognized as a serum constituent, is present on the mucosal surface of the human respiratory tract was examined. The presence and significance of CRP on any mucosal surface has not previously been investigated. Specifically, CRP has not been recognized as a component of the innate antimicrobial activity of ASF (6) . The expression of CRP in the human upper respiratory tract was of primary interest because of the heavy colonization of this site with organisms that have cell surface ChoP and the potential that CRP could affect the host microbial interaction at this site. It was necessary to test the hypothesis using material of human origin because of marked differences in patterns of CRP expression in animals and humans. CRP was detected using a MAb to the human serum protein (CRP-8), and its identity was confirmed by its ability to bind to ChoP in the presence of calcium. This antibody is highly specific, as it does not recognize related proteins such as human serum amyloid P component, human haptoglobin, human ␣1-acid glycoprotein, and human IgG (31) . CRP was found in the majority of normal, nonpurulent nasal ASF specimens. Because ASF was collected without chemical stimulation, which might alter results through dilution, only small volumes (1 to 5 ml) of this material could be obtained from each individual. Nonetheless, it was possible to calculate the concentration of CRP in Western blots by comparison to a standard curve with known amounts of purified serum protein. In specimens with detectable amounts of CRP, the measured concentration was greater than the levels previously shown to contribute to antimicrobial activity and were only slightly less than those found in human serum in the absence of an inflammatory stimulus (44) . CRP on the surface of the airway, therefore, was present in sufficient quantity that it could potentially affect ChoP-expressing flora found in the upper respiratory tract.
CRP in ASF could also serve to maintain the normally sterile airways of the lower respiratory tract whenever pharyngeal contents containing ChoP-expressing bacteria gain access into the lung by aspiration. Normal ASF from the lower airway is difficult to obtain without sample dilution and was not separately determined in this study. However, significant quantities of CRP (0.17 to 42 g/ml) were detected in all sputum samples tested (n ϭ 12). These were purulent specimens from patients with bronchitis or pneumonia that in contrast to the nasal ASF samples represented infection and inflammation in the host respiratory tract. This finding suggests that CRP could also contribute to the innate defense of the lower airway during infection with ChoP-expressing species as has been demonstrated for experimental invasive infection (34) . The major etiologic agents of pneumonia in adults, S. pneumoniae and nontypeable H. influenzae, express cell surface ChoP and bind efficiently to CRP (18, 22) .
For sputum, concentrations of CRP were as high or higher than those in nasal ASF, suggesting that there was a response to the inflammatory state in the lower airways affecting CRP levels. Unlike the samples from nasal ASF, amounts of CRP in sputum were not proportional to the total protein content as would be predicted if the source of the CRP was solely a reflection of the viscosity of the specimen or from extravasation from the serum pool. Li et al. detected CRP in bronchoalveolar (BAL) fluid from both healthy human volunteers (4.04 Ϯ 2.2 g/mg of total protein) and those with acute respiratory distress syndrome (97.8 Ϯ 84.2 g/mg of total protein) (20) . Their study differed from the present study in that they assayed BAL fluid, rather than sputum or upper ASF, using an enzyme-linked immunosorbent assay technique to quantitate CRP levels. The quantities of CRP in normal patients were higher than the values measured in this study. Last, they did not investigate the source of CRP found in the BAL fluid. Another potential source of sputum CRP is leukocytes that have migrated into the site of inflammation. A prior study of pulmonary CRP showed that lavage of the rat lung yielded 33 g of CRP per ml (11) . In rat lung sections, alveolar macrophages were the only cells that showed evidence of CRP expression by immunohistochemistry and in situ hybridization (11) . The alveolar epithelial cells (type II pneumocytes) showed no transcription of the CRP gene by RT-PCR in this study (11) . The significance of this observation in humans is unknown. Our study focused on the source of CRP in that portion of the airway that is heavily colonized.
Although it was not possible to exclude the possibility that CRP in sputum originated from the serum pool synthesized by the liver, it seemed unlikely that this could explain levels of CRP close to those in the serum in the uninflamed nasal ASF. Likewise, expression by leukocytes is unlikely to be the major source of CRP in these uninflamed specimens. Comparison of the ratio of amounts of CRP to IgG in ASF compared to serum added further circumstantial evidence that the source of CRP in the upper respiratory tract cannot be attributed solely to extravasation from the serum pool. The hypothesis that ASF CRP was a result of local production was then examined. Again these studies used material of human origin exclusively. In situ hybridization experiments on excised nasal polyps demonstrated that there is transcription involving the CRP gene on the epithelial surface. Since polyps are covered with a normal epithelial layer, this result suggests that the normal nasal epithelium expresses CRP. As further confirmation of this finding, the expression of CRP by cells in culture that were derived from the human pharynx were analyzed. Detroit 562 pharyngeal carcinoma cells secreted a protein that was shown to be CRP by both immunological (reactivity with CRP-8 by Western analysis and immunocytochemistry) and functional (binding to ChoP in the presence of calcium) criteria described above. In addition, these cells showed evidence for transcription of the CRP gene by RT-PCR. It was concluded that in addition to hepatocytes and leukocytes, epithelial cells of the human respiratory tract are capable of expressing CRP. Although CRP has been previously detected in human lower airway fluid (20) , to the best of our knowledge, this is the first time CRP has been identified in human upper airway secretions and the first report showing that human respiratory tract epithelial cells produce this protein. The epithelial cells lining the mucosal surface of the airway have been shown to be active participants in local airway defense and express other antimicrobial substances such as defensins and other cationic peptides (6, 9) . We propose that CRP is another antimicrobial factor secreted by these cells.
In the course of this study, it was noted that there were often higher-molecular-weight forms that were recognized by CRP-8 in protein from nasal ASF and sputum but not serum. This observation suggests the possibility that airway or mucosal CRP may be modified and somehow distinct from the form in serum. Unlike human serum CRP, rat CRP is glycosylated, although the presence of N-linked oligosaccharides do not affect binding to ChoP (26, 28) . Since these higher-molecularweight forms seen in this study were removed following incubation with ChoP linked to agarose beads, there does not appear to be a clear functional significance to the other CRPlike species detected in this study.
Finally, we show that the CRP in secretions from the human airway has antibacterial activity. It was not possible to obtain enough nasal ASF to extract sufficient quantities of CRP of mucosal origin. Nasal ASF, however, contained bactericidal activity against a respiratory pathogen, nontypeable H. influenzae, which was eliminated by pretreatment with ChoP-agarose to remove CRP. The level of bactericidal activity was similar to that of the equivalent amount of human serum CRP. Further evidence that this antimicrobial activity was due to CRP in these specimens was the finding that it was specific for phase variants expressing ChoP, the molecular target for CRP. The bactericidal activity of CRP isolated from the mucosal surface has yet to be investigated. The in vitro assay in this report required complement. Functionally active complement components such as C1 (the precursor of C1q) as well as C3, C4, and factor B have been found in human saliva and may indicate that the necessary factors for airway CRP to have bactericidal activity are present on the mucosal surface of the human respiratory tract (1). There is also evidence for complement-independent clearance mechanisms involving CRP (33) . Moreover, CRP may have multiple other effects, besides it role in opsonization, on resident bacteria in the upper respiratory tract. The rPAF-mediated attachment and invasion of epithelial cells by S. pneumoniae and nontypeable H. influenzae requires interaction with ChoP (7, 32) . CRP on the mucosal surface could block this interaction between ChoP-expressing bacteria and the rPAF. CRP may also act to modulate the immune response. Mice carrying the transgene for human CRP, for example, are more resistant to endotoxemia (47) . If these mice express pulmonary CRP, they could prove to be a useful model to examine the role of CRP in innate immunity of the airway.
